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Introduction
Nuclei close to the N = Z line in the region near A = 80 play a special role in nuclear astrophysics since the rapid proton (rp) capture process is passing right through them (see fig. 1 ). The rp-process, a sequence of rapid proton captures and β + decays, proceeds along the N = Z line up to 56 Ni and it can continue ending in a SnSbTe cycle either in explosive X-ray bursts or in steady state burning (e.g., in X-ray pulsars) [1, 2] . At higher Z values, where proton capture rates become smaller, the reaction path can be broader and shifted by about one or two mass units towards the beta-stability line [1] . This shift can be even greater for the steady state burning model [2] .
The properties of neutron-deficient nuclei involved in the rp-process, especially masses and beta-decay half-lives, are needed to perform rp-process nuclear reaction network calculations. These simulations are crucial for the understanding of the energy generation and fuel consumption in the rp-process and its potential contribution to galactic nucleosynthesis [1] . The discovery of new long-lived isomeric states in neutron-deficient nuclei is of potential importance for rp-process calculations. Low-lying excited states are thermally populated at the high astrophysical a Present address: GSI, Postfach 110552, D-64291 Darmstadt, Germany Fig. 1 . The rp-process path close to A = 80 for steady state burning taken from ref. [2] . The reaction flow of more than 10 % is shown by the solid line and of 1-10 % by the dashed line. The nuclei studied in this work are highlighted by squares.
temperatures and densities. The contribution from such excited states can therefore alter proton capture rates and β + /EC decay rates considerably and introduce an additional temperature dependence for those rates. This is particularly true for isomeric states. Such states typically have different properties than the ground state and therefore potentially different capture and decay rates. In addition, if there is no path for rapid thermalisation at rp-process temperatures, the relative population of the isomeric state can exceed by far the usually small thermal population. However, spectroscopic information on rp-process nuclei is still scarce, particularly for nuclides around A = 80. The success in our previous experiment done at A = 80 [3] encouraged us to continue studies in this field. In this work we have focused on the properties of isomeric states and on the search for new isomers.
Another problem in astrophysics directly related to our present study is solar neutrino detection. After the experiment using the 37 Cl detector [4] had shown the discrepancy between expected and experimental solar neutrino fluxes, it was suggested that the flux should be measured for lower neutrino energies. For this purpose other detectors were proposed, one of which was based on 81 Br [5] . Although the solar neutrino flux puzzle has recently been explained by neutrino oscillations, more solar neutrino experiments are required to measure the CNO fusion cycle contribution in the solar luminosity and new types of detectors are very desirable. According to current solar model calculations, 98.5 % of the solar luminosity is provided by the p-p chain and only 1.5 % by CNO reactions. At the moment, solar neutrino experiments have only set an upper limit of 7.8 % to the CNO fraction of the Sun's luminosity [6] .
The threshold energy for neutrino capture in the proposed 81 Br detector is a factor of two lower than in 37 Cl (see fig. 2 ). It is assumed that a 81 Br detector is most sensitive to 8 B neutrinos [7] but 7 Be neutrinos as well as neutrinos from 13 N and 15 O decays from the CNO cycle can also contribute. In radiochemical experiments 81 Br can be used for total solar neutrino flux measurements because its energy threshold allows the observation of neutrino-induced events from all main solar neutrino sources mentioned above. In addition, 81 Br serves as a possible isotope to determine the average integrated flux over the past 300 000 years from neutrino produced 81 Kr concentration in minerals containing bromine [5] . Meanwhile, a detailed investigation of Gamow-Teller and Fermi transition strengths for all allowed transitions from 81 Br to the states below the particle emission threshold in 81 Kr is needed to calculate contributions of different neutrino components [7] . In order to obtain the neutrino capture cross section on 81 Br, the probability for the inverse process of electron capture decay of 81 Kr must be measured. As can be seen from fig. 3 , the neutrino capture on 81 Br should predominantly populate the isomeric state at 190.5 keV in 81 Kr because this allowed transition has to be six orders of magnitude stronger than the capture to the ground state of 81 Kr, whose inverse rate is well known [8] . Thus, the rates for all decay branches of 81m Kr, which are electron capture, internal conversion and γ-decay, are needed to derive the electron capture probability. The data for the K-electron capture channel, determined independently by two groups [9, 10] , are in satisfactory agreement but the information on the internal transition (γ-and conversion electron branches) is strongly contradictory. Therefore, the electron capture branching ratio has not been obtained with high accuracy and new measurements on the internal decay channel of 81m Kr are needed. 
Experimental method
The experiment was performed using the IGISOL facility at the Jyväskylä isochronous cyclotron. The isotopes of interest were produced by a 150-170 MeV 32 S 7+ beam with an intensity of about 500 nA on nat Ni (2 mg/cm 2 ) and 54 Fe (1.8 mg/cm 2 ) targets. The nat Ni target was used to produce nuclides with mass numbers A = 85 and 86, whereas enriched target material of 54 Fe was optimal for the synthesis of A = 81 isotopes. The fine tuning of the primary beam energy was performed with degraders of Havar foil and/or nat Ni. The reaction products passing through a 2.1 mg/cm 2 -thick Havar window were stopped in a helium gas cell of the IGISOL facility [11] . After extraction from the gas cell by helium flow and under a small extraction potential (typically 300 V) the ions were accelerated to 40 keV. The accelerated ion beam was mass-separated and implanted into a collector tape.
The first detector station was situated where the ion beam was implanted into the collector tape (see fig. 4 ). It consisted of two HPGe detectors situated face-to-face and a plastic scintillator which gated γ-radiation by β-particles. After some time of accumulation at the first station, the tape was moved and the source was delivered to the second detector station where an electromagnetic electron transporter and a low energy Ge detector (LeGe) were installed. The next source was prepared at the first station until the measurements were completed at the second station. Short accumulation and measurement times were optimal for the observation of short-lived nuclei.
Conversion electron decays and low energy gamma radiation were studied at the second detector station. Electron spectra were measured by ELLI [12] , a magnetic conversion-electron transporter spectrometer consisting of two coils. It transported electrons from the implantation point to a cooled Si(Au) surface barrier detector in a remote detection area, which helped to reduce the background. A low energy Ge detector with a very thin entrance window (0.5 mm Be) was placed on the opposite side of the Si detector in close geometry with respect to the implantation point (see fig. 4 ). ELLI had a typical efficiency of about 5 % at electron energies less than 100 keV in this experiment. With this kind of set-up one could measure both the absolute value for α K and the ratio α K /α L+M . The amplitude and timing data from the detectors were stored event-by-event for subsequent off-line analysis. The energy and efficiency calibrations of the detectors were done with standard sources and with on-line data. Other experimental details are given below in the description of the results.
Results
The IGISOL was tuned to obtain optimal yields for shortlived nuclides of interest. Table 1 shows the yields defined as the number of ions per second deposited into the tape at the first detector station. These values represent estimated average yields determined from several individual measurements at different time regimes. Relevant spectroscopic data from literature have been used for the estimations except for a new isomeric state of 85 Nb, where a 100 % branching ratio for the internal transition probability was assumed.
The main results presented in this chapter concern the analysis of spectra measured at the second detector station which had some important advantages: the detectors were far from the implantation point of the ion beam offering clean conditions and the decay behaviour could be measured properly. The first detector station was used for cross-checking purposes and for the tuning of the installation during the run. The experimental results related to specific mass numbers are presented below.
Mass A=81
Accumulation times of 15 s and 30 s were used for the measurements at this mass. A part of the low energy γ-spectrum is shown in fig. 5 . The most intense peaks used for the yield determination can be seen in this clean spectrum which has no contaminants from neighbouring masses.
An internal conversion electron spectrum is shown in fig. 6 . K-and L-electron lines have been identified for known transitions and the 63.1 keV K-electron peak of the 79.2 keV transition in 81 Sr has been used for internal calibration. Conversion electrons from 43.0 keV and 221.0 keV transitions in 81 Sr have been observed for the first time. The internal conversion coefficient for the 43.0 keV transition has been determined as α K = 1.5 ± 0.3 which supports an M 1 + E2 multipolarity for the transition.
Strong lines belonging to a 190.5 keV isomeric transition in 81 Kr can be observed in γ-and electron spectra (see figs. 5 and 6). The measured α K -value is in agreement with the only existing experimental value [13] shown in fig. 7 . The experimental values of the ratio α K /α L+M ([14] - [17] ) have been controversial before this experiment, as can be seen in fig. 8 . Hereafter, we have used the latest internal conversion coefficient tables [18] for the multipolarity determination. Our values, α K = 0.50 ± 0.07 and α K /α L+M = 4.7 ± 0.1, favour an E3-character for this transition. To check the identification of the 81m Kr line we have determined its half-life, which is shown in fig. 9 for γ-and e − -decay channels. Our average value of 13.4 ± 0.7 s agrees well with the earlier value of 13.10 ± 0.03 s [8] .
Mass A=85
Accumulation times of 15 s and 40 s allowed us to select nuclides with half-lives of seconds and minutes. Indeed, γ-and electron peaks belonging to the decays of 85 Nb (21 s), 85 Zr (7.9 min) and 85m Zr (10.9 s) were observed. K-conversion electrons with an energy of 32.1 keV corresponding to a 50.1 keV transition in 85 Zr can be seen in fig. 10 , which shows a spectrum of low energy conversion electrons measured during the first eight seconds of each measurement cycle. This transition from the first excited state to the ground state is the only transition previously observed in the decay of 85 Nb [19] . We confirm the identification because the 32.1 keV electron transition is in Fig. 7 . K-internal conversion coefficient of the 190.5 keV isomeric transition in 81 Kr measured in this work in comparison with the value from ref. [13] . The dashed lines show the theoretical values [18] . coincidence with Zr K X-rays. The decays of this electron peak and the corresponding γ-transition are characterised by a half-life of 17 ± 2 s which is little less than the value 20.9 ± 0.7 s attributed to 85 Nb in ref. [20] (see fig. 11 ). Internal conversion coefficients for the observed transitions have been determined for the first time (see table 2 ). The data suggest an M 1 + E2 mixture of multipolarities for the 50 keV transition.
An electron line with an energy of 50 keV in fig. 10 cannot be attributed to any known transition in the isobaric mass chain A = 85. The coincidence of the 50 keV electrons with the Nb K X-rays (see fig. 12 ) manifests that this electron line belongs to an unknown transition with an energy of 69 keV in 85 Nb. The measured half-life of the transition is 3.3 ± 0.9 s (see fig. 13 ). According to table 2 the preferable multipolarity for the transition is 1 ). This gives an upper limit of 0.01 ions/s for the expected yield of 85 Mo, which disagrees strongly with the observed yield of the new transition and speaks in favour of the identification of 85m Nb. Figure 14 shows a proposed decay scheme of 85 Nb. We have also observed a γ-transition with an energy of 292 keV belonging to a known isomeric state, 85m Zr. Conversion electrons from this transition could not be observed since their energy was above the maximum energy detected by the ELLI detector. The measured half-life of 12 ± 2 s for this state is consistent with the average value of 10.9 ± 0.3 s from ref. [19] . An indication of beta decay from 85m Nb to the 292 keV state of 85m Zr has also been observed in the time behaviour of the 292 keV transition (see fig. 15 ). As the spin of the 292 keV state is tentatively 1/2 − [19] , allowed beta transition suggests spins of 1/2 − or 3/2 − for 85m Nb (see fig. 14 ).
Mass A=86
In order to observe both 86 Mo and 86 Nb, accumulation times of 40 s and 200 s were used. Gamma lines with energies of 47.7 keV and 50.1 keV as well as Nb and Zr K X-rays can be seen in γ-spectrum gated by electrons (see fig. 16 ). These gamma peaks belong to a cascade deexcitation of the E 0 +97.1 keV level in 86 Nb [22] which is A proposed decay scheme of 85 Nb. The Q-value is taken from ref. [21] and the suggested multipolarity E3 is from ref. [19] .
fed by the beta decay of 86 Mo [23] . The cascade nature is supported by strong coincidences between the electrons from one of the 47.7 keV and 50.1 keV transitions and the γ-line of the other transition (see fig. 17 ). A new peak with an energy of 97.8 keV is also observed in fig. 16 . This transition has no coincidence with the cascade peaks and could be considered as a crossover transition from the level with an energy of E 0 +97.8 keV in 86 Nb.
Conversion coefficients listed in table 3 support an M 1 character for the 47.7 keV transition and E1 for the 50.1 keV transition. The multipolarities for the 97.8 keV and 186.8 keV transitions are most likely E1. The 186.8 keV transition populates the level at E 0 +50.1 keV because it is in coincidence only with the electron line belonging to the 50.1 keV transition. The decay scheme is shown in fig. 18 . The spin identifications are different from [23] , where the M 1 multipolarity was given for the 50 keV transition instead of E1 and the multipolarity of the 187 keV transition Fig. 15 . A fit on the time behaviour of the 292 keV γ-transition of 85m Zr (normalised χ 2 = 0.50) assuming that the state is fed from a mother nucleus and the half-life of 85m Zr is fixed to 10.9 s [19] . A half-life of 1.8 ± 1.2 s obtained for the mother nuclide agrees with the half-life of 85m Nb. An exponential decay fit on the decay part yields a half-life of 12 ± 2 s for 85m Zr. was not determined. The position of the level E 0 is still unknown.
The half-life of 86 Mo has been determined from the time behaviour of γ-, Nb K X-ray and electron peaks. The weighted average value is 19.1 ± 0.3 s confirming the half-life of 19.6 ± 1.1 s obtained in [23] . No indication of the existence of an isomer in 86 Nb with a half-life of 56 s [23] has been observed.
Discussion
Nuclei with mass numbers A = 81, 85 and 86 are particularly interesting because the short-lived exotic members of these isobaric chains are situated at the rp-process path (see fig. 1 ). We have concentrated on specific nuclei of astrophysical importance, such as 85 Nb, which is involved in the proton capture process. The observation of a new isomer with a half-life of 3.3 s in 85 Nb should be taken into account in the rp-process network calculations. An isomer in 85 Nb was expected from the systematics of odd-A Nb isotopes between 89 Nb and 99 Nb all of which have a 9/2 + ground state and a low-lying 1/2 − isomeric state (see fig. 19 ). These states can be explained by an extreme single-particle shell-model as having an odd proton in a 1g 9/2 or in a 2p 1/2 orbital.
The measured internal conversion coefficients propose an E2 or M 2 multipolarity for the 69 keV transition in 85 Nb. However, the calculated Weisskopf estimates for the half-life (T 1/2 (E2) = 1.6 × 10
s, T 1/2 (E3) = 380 s and T 1/2 (M 3) = 2.4 × 10 4 s) suggest that the transition could be M 2 with a significant mixture of E3. Another explanation for the observed half-life is that the isomeric state decays by a low energy transition which feeds the 69 keV transition. If this is the case, that highly converted transition could not have been ob- Fig. 17 . A part of the internal conversion electron spectrum measured by the ELLI-spectrometer at mass A = 86. Fig. 18 . A proposed decay scheme of 86 Mo. The γ-intensities are normalised by the 50.1 keV transition. The Q-value is taken from ref. [21] .
served in coincidence with the electrons from the 69 keV transition.
The half-lives and isomeric level structures of 86 Mo and 86 Nb are of potential astrophysical relevance as during freezeout they can impact the final distribution of isotopic abundances in the A = 86 mass region produced by the rpprocess. We have confirmed the half-life of 86 Mo [23] , but we did not observe an isomeric state with a half-life of 56 s in 86 Nb claimed in ref. [23] . The existence of this isomer has already been considered as uncertain due to a possible mixed activity of the 88 s, (6 + ) isomer and a low-spin isomer of unknown half-life populated in 86 Mo EC decay [22] . We have not seen any converted transition from the state with an unknown energy E 0 in 86 Nb. Therefore, we can conclude that either this state is highly excited and decays by a high energy transition or the main channel of de-excitation is the direct β + decay to the states in 86 Zr. The beta decay scheme of 86 Mo and the de-excitation scheme of the excited states in 86 Nb obtained in this work change the spin identification of the isomeric state E 0 from ref. [23] , where M 1 multipolarity was given for the 50 keV transition instead of E1. The new spin assignment implies that the beta decay to the E 0 level should be weak. For the levels at E 0 +50.1 keV, E 0 +97.8 keV and E 0 +236.9 keV log ft values between 4.5 and 5.0 have been estimated assuming Q EC = 5270±430 keV [21] for the E 0 level and negligible beta decay branchings to other levels. A spin less than 3 is expected from the log ft estimate for the state at E 0 +236.9 keV.
Another application of our data in astrophysics concerns the proposed 81 Br neutrino detector for which the decay properties of 81m Kr are crucial. The electron capture branching ratio η ε of the isomeric state 81m Kr, which is inverse to the neutrino capture process (see fig. 3 ), can be deduced from the relation:
where λ e , λ γ and λ ε stand for internal conversion, gamma transition and electron capture probabilities, respectively. Indices K, L and M label the corresponding atomic shells. If η ε 1, as it is expected for the decay of 81m Kr, we can deduce the following expression:
where K X is the intensity of characteristic X-rays corresponding to the K-shell, ω K stands for the respective Kfluorescence yield and α represents the internal conversion coefficient. As a summary, the electron capture branching ratio depends on the following factors: -the ratio of electron capture branches λ (ε L +ε M ) /λ ε K -the intensity ratio of Br K X-rays to Kr K X-rays
We have now calculated the first factor with the values from ref. [31] and taken into account overlapping and exchange effects [32] , which will lead to λ (ε L +ε M ) /λ ε K = 0.144. Groups at Princeton [9] and Argonne [10] have considered the second factor and measured the ratio for K X-rays. However, in order to determine the electron capture branching ratio η ε , they used theoretical values for the estimation of the first factor (λ (ε L +ε M ) /λ ε K = 0.119) and for internal conversion coefficients (α K = 0.4 and α tot = 0.48). In the present work we have measured the internal conversion coefficients needed for the third factor, α K /(1 + α tot ).
The experimental values for internal conversion coefficients and for the intensity ratio of K X-rays [9, 10] together with a revised value for the ratio of electron capture branches were used to compute the neutrino capture rate of the 3/2 − → 1/2 − transition in the 81 Br detector. The corresponding log ft value calculated with the tabulated f -values from [31] is given in table 4 in comparison with the averaged value taken from [8] . Our value is slightly lower than the earlier value leading to an increased neutrino capture cross section. This supports the conclusion that 81 Br can be successfully used as a solar neutrino flux detector.
Conclusions
We have investigated decay properties of nuclei close to the N = Z line at the rp-process path at masses A = 81, 85 and 86. As the half-lives of the nuclides in this area are typically known only from single measurements we have remeasured and confirmed them. A new isomeric state with a half-life of 3.3 s has been identified in 85 Nb. We could not confirm the existence of an isomeric state with a half-life of 56 s in 86 Nb. The investigation of both γ-and electron channels shows that the spin identification of the state E 0 in 86 Nb should be changed from the assignment used in [23] . The implementation of our new results into astrophysical rp-process models will require the calculation of thermalisation timescales and proton capture rates on excited states for a range of rp-process conditions. This is beyond the scope of the present work.
The measured electron and γ-decay branches for the 190.5 keV isomeric transition in 81m Kr (13.1 s) allowed the estimation of a new branching ratio for electron capture of the isomeric state considered as a daughter nuclide in the neutrino capture process on the 81 Br neutrino detector. Our experimental data on the internal conversion coefficient for this transition provided new information about the decay rates, which were very contradictory thus far. The recalculated neutrino-capture rate is slightly higher than previously claimed.
